Introduction
Rapeseed (Brassica napus L.) is one of the most important oil crops worldwide, intended to meet food, biofuel and other market needs as a raw material for biogenic fuel production. However, the cold acclimation and cultivation of winter rapeseed cultivars, especially of those introduced from countries with a warmer climate to regions of a temperate climate, is problematic. In autumn, rape is often stressed by a snow layer covering the unfrozen ground, by periodic fluctuations of belowzero and above-zero temperatures during the autumn period of plant acclimation to cold, by a snowless winter or early spring, particularly those related with climate warming [1] . The plant response to low-temperature stress can be divided into three distinct phases. The first is cold acclimation (pre-hardening), which occurs at low but above-zero temperatures. The second stage of hardening, during which the full degree of tolerance is achieved, requires exposure to a period of sub-zero temperatures. The final phase is a plant recovery after winter [2] . In stressful conditions, plants accumulate an array of metabolites, particularly amino acids such as proline which is a structural component of proteins and also plays a role as a compatible solute under environmental stress conditions [3] . The role of proline in cold hardening and the importance of proline metabolism under stress conditions in plants have been a field of intense researches [4, 5] . Proline can serve as a rapidly available source of nitrogen, carbon, and reduction equivalents during recovery from stress [6] . Proline may also play an important role in plant development both as a metabolite and a signal molecule [7] , but some studies have argued that the increase of proline concentrations under stress is a product of and not an adaptive response to stress [8] . However, little is known about the role of the amino acid glutamine, precursor of proline biosynthesis, in plants exposed to stress conditions. There are some data about the role of glycine betaine (GB) and proline that accumulate in plants in response to environmental stresses [8] . Besides, there are data on proline being supplied exogenously and at low concentrations enhancing tolerance to cold stress [9, 10] . Cold tolerance is also induced by exogenously added abscisic acid (ABA) in cold-acclimated plants [11] . Studies with frost-tolerant winter wheat cultivars showed that the application of exogenous ABA led to an isothermal increase of frost resistance after a few days, whereas cold acclimation required several weeks for attaining the maximum of finally significantly higher frost hardiness [12] . According to other data, cold acclimation generally results in more extensive changes than ABA treatment [13] .
Another plant hormone, ethylene, which regulates numerous aspects of plant growth and development, appears to be involved in the cold acclimation of some plants. When non-acclimated plants were exposed to ethylene, both the content of endogenous ethylene, antifreeze activity and the induced number of antifreeze proteins increased in winter rye leaves in the cold acclimation process [14] . The role of ethylene in cold stress was also studied with the freezing tolerance of wild-type Arabidopsis plants and was found to be affected by an altered ethylene biosynthesis under non-acclimated and acclimated conditions. Freezing tolerance was reduced in the ethylene overproducer 1 and by application of the ethylene precursor 1-aminocyclopropane-1-carboxylic acid, but it increased upon addition of the ethylene biosynthesis inhibitor aminoethoxyvinil glycine [15] . So, the role of ethylene in freezing stress remains unclear. At present, the influence of exogenously applied proline and glutamine on endogenous ethylene production in overwintering plants and the role of proline or ethylene in response to cold acclimation and freezing tolerance processes are unknown.
Bearing all that in mind, we have hypothesized that increased accumulation of amino acid proline in seedlings of winter rapeseed cultivars regulates plant acclimation to cold and to freezing tolerance. Our goal was to treat plants exogenously with proline and glutamine and to assay the endogenous free proline accumulation in cold-acclimated and non-acclimated seedlings of winter rapeseed cultivars as well as plant adaptation to cold. We also assayed the endogenous dependence of ethylene production in non-acclimated and cold-acclimated seedlings and the pretreatment with proline and glutamine, and a possible interaction between an increased proline content and ethylene production. The obtained results will support the idea based on plant resistance to cold stress regulation by changing proline content and maybe ethylene production in winter rapeseed seedlings.
Experimental Procedures

Plant material and growing conditions
To investigate plant adaptation to cold, two winter rapeseed genotypes, introduced from countries with a warmer climate, were used in controlled laboratory studies: the medium-early, tolerant to wintering 'Sunday' produced in Sweden, and the early, resistant to abiotic stress, hybrid 'Hornet H' produced in Germany by the DSL seed growing company. Seeds of these cultivars had been sterilized with 10% sodium hypochlorite for 10 min and five washes with distilled water before sowing. Seeds for each cultivar were sown in soil (vegetable compost 90%, peat 9%, deciduous ash 1%; fertilizer NPK) in growing dishes (16 seeds in each in 10 replications) for germination during 26 days in the Climacell plant growing chamber (Medcenter Einrichtungen GmbH) at a temperature of 18 ± 2°C, under illumination of 60 μmol m -2 s -1 and photoperiod 16/8 h day/night. At the three-leaves stage (BBCH 13-14) [16] , the seedlings were treated with of L-proline (ROTH Carl Roth GmbH) 1 mM and L-glutamine (ROTH Carl Roth GmbH) 1 mM water solutions.
Cold treatments
After pretreatment with amino acids, one half of the seedlings (5 growing dishes 16 seedlings in each) continued growing at 18°C for 96 h (non-acclimated), and the other part (5 growing dishes 16 seedlings in each) were acclimated at 4°C for 96 h in a Friocell (Medcenter Einrichtungen GmbH) chamber. Then, both the non-acclimated and cold-acclimated seedlings were kept for a period of 2 h by gradually lowering the temperature to -1°C and kept for 24 h. The other seedlings were held at -3°C and then at -5°C and -7°C for 24 h each. After freezing, the seedlings (both acclimated and non-acclimated) were transferred into a plant growing chamber and kept at a temperature of 18 ± 2°C for 7 days. After that, the survived plants were noted and rated visually.
Free proline analysis
Proline content was determined using the method described by Bates et al. [17] . Leaves of winter rapeseed seedlings were fixed in dry nitrogen. Samples of 0.5 g leaf fresh weight in three replicates were homogenized and extracted by 3% sulfosalicylic acid aqueous solution, and the homogenate was centrifuged at 3000 g for 20 min. The reaction mixture, which consisted of 2 ml of a supernatant, 2 ml of ninhydrin acid and 2 ml of glacial acetic acid, was incubated in a boiling bath for l h, and the reaction was finished in an ice bath. Four milliliter of toluene was added to the reaction mixture, the organic phase was extracted, and then the proline concentration was estimated. Free proline was quantified by the wavelength 520 nm in a computerized system employing the STL biological program. The proline content was determined using L-proline (ROTH Carl Roth GmbH + Co.K9.76185 Karlsruhe) as a standard from the previously plotted standard curve and calculated as µg g -1 of leaf fresh weight (FW) in three replicates.
Ethylene measurement
Ethylene production was determined in cold-acclimated and non-acclimated winter rapeseed seedlings under the effect of endogenous L-proline and L-glutamine, and after chilling. Freshly harvested rape seedling samples (2.1; 2.2) in three replicates of a known weight (~1000-1200 mg) were placed in a 30 ml glass cylinder, which was sealed with a rubber stopper. After 24 h of incubation in the dark, 1 ml of head gas was sampled from each flask, and the ethylene content was measured using a FOCUS gas chromatographer (Thermo Fischer Scientific) equipped with a flame ionization detector and a stainless steel column (matrix 80/100 PROPAC R). The carrier gas was helium; the column, injector and detector temperatures were set at 90°C, 110°C, and 150°C, respectively. Ethylene content in winter rapeseed seedlings was determined by the adapted previously used method [18] . Ethylene was measured in triplicate in each variant and expressed in nanolitres evolved per gram of tissue per hour (nl/g/h). Analyzed ethylene standards (Alltech) were used to quantify the samples.
Statistical analysis
The data were analyzed using the STATISTICA 5.0 statistical program. Mean values and their standard errors (SE) for each treatment were calculated based on the number of independent replications. The differences between the test variant and the control were significant at P < 0.05.
Results and discussion
Regulation of free proline content under pretreatment of L-proline and L-glutamine and cold-acclimation
Cold acclimation and freezing tolerance are very complex processes associated with biochemical and physiological changes -growth reduction or cessation, the accumulation of compatible osmolytes such as proline, betaine, and soluble sugars, and alterations in gene expression [8, 9, 13] . The results of the present investigation demonstrate that exogenous L-proline and L-glutamine in non-acclimated cv. 'Hornet' leaves (grown at 18°C for 96 h) increased the free proline content by 34% and 29% and in cv. 'Sunday' by 32% and 18%, respectively, in comparison with the control. The increase of free proline content in acclimated seedlings (grown at 18°C for 96 h), resulting from the effect of amino acids, as compared with control, was less than in non-acclimated seedlings ( Table 1 ). The different influence of the test amino acids especially glutamine on free proline content in cold-acclimated and non-acclimated seedlings may be explained by its slow transition to free proline at lower temperature (at 4°C) than at a high temperature (at 18°C). Like in chickpea cultivars during the cold (at 3°C) treatment period, the proline level shows a linear increase, and the highest accumulation level is achieved on day seven [19] . In our research, free proline content under pretreatment with L-proline and L-glutamine was established after four days. The data of this experiment showed that the ratio of free proline content in acclimated 'Hornet' and 'Sunday' control seedlings versus non-acclimated seedlings increased 2.12-fold and 1.95-fold, respectively, and under the effect of exogenously applied L-proline, the content of free proline increased 1.91-fold and 1.70-fold and under the effect of glutamine 1.81-fold and 1.80-fold, respectively (Table 1) . So, free proline plays a significant role in the plant cold acclimation process. Exogenous proline and glutamine exhibit a different influence on free proline content: L-proline evidently participates in the regulation of free proline content, especially in the hybrid 'Hornet' resistant to cold.
Free proline level in relation to freezing tolerance
The relationship between free proline content in acclimated and non-acclimated control seedlings, exogenously applied amino acids and plant survival was studied, after a cold stress at different freezing temperatures (-1°C, -3°C, -5°C and -7°C). The data indicated that at -1°C the free proline content in the control and under the effect of exogenous L-proline and L-glutamine markedly increased (Figure 1 ) in comparison with proline content in seedlings before freezing (Table 1) . Proline content in cold-acclimated seedlings at -1°C was high, but differences between its content in control and in seedlings treated with amino acids was less than in non-acclimated seedlings. At a lower freezing temperature (-3°C, -5°C and -7°C), free proline content considerably decreased, although exogenously applied proline and glutamine distinctly increased free proline content in cold-acclimated seedlings of cvs. 'Hornet' and 'Sunday', especially by exogenous proline action ( Figure 1 ). The decrease of free proline content at a freezing temperature (from -3°C to -7°C) in acclimated and especially in non-acclimated rape seedlings may be explained by the origin of the test cultivars from countries with a warm climate. Besides, there are data that in acclimated (at 15°C) versus non-acclimated (at 25°C) soybeen seedlings proline content increased, but at a chilling temperature (at 4°C) it decreased and again increased in the recovery phase [20] . Many studies have indicated a relationship between the accumulation of GB and proline and plant stress tolerance; some have argued that their increased concentrations under stress are a product of, and not an adaptive response to stress [8] . In addition, it is necessary to accentuate that the L-glutamine way to free proline is regulated at fwo basic levels. An increased proline accumulation increases the activity of the enzyme D-1-pyroline-5-carboxylate with the glutamate kinase activity, which leads to an increased synthesis of proline and / or, via glutamate-5-semialdehyde, of 5-aminolevulinic acid which is associated with the formation of chlorophyll [21, 22] . Therefore, L-glutamine effect on free proline content in the test conditions was lower than the effect of L-proline.
Our study also showed that the seedlings' survival (frost tolerance) was related with plant acclimation to cold, increase of free proline content in leaves, and partly with the exogenous proline and, to some extent, with glutamine addition (Figure 2) . Cold-acclimated rape seedlings recovered faster than non-acclimated ones, especially cv. 'Hornet' as more resistant to freezing (Figure 2A) .
A review of the literature indicates that many, but not all, plant species accumulate compatible solutes such as proline and glycine betaine (GB) under environmental stress. Applications of proline lead to a significant increase in growth and crop yield under environmental stresses [8] . The function of proline in stress conditions is not fully clear. Proline can serve as a rapidly available course of nitrogen, carbon, and reduction equivalents during recovery from stress [23] . Proline accumulation in tissues can be achieved in different ways: de novo synthesis in the cells [24] , decreased degradation, or specific transport systems that distribute proline to the locations of need [25] . De novo synthesis, catabolism and transport of proline are highly regulated by abiotic stress and cellular proline concentrations [26] .
Ethylene production in response to L-proline and L-glutamine pretreatment, to cold-acclimation, and freezing
Aiming to explore the role of ethylene in cold stress, we have first tested whether exogenous proline and glutamine cold-acclimation, freezing tolerance of winter rapeseed seedlings are affected by altered ethylene production and to what extent ethylene is involved in response to plant abiotic stress. The analysis of ethylene production in nonacclimated and cold-acclimated winter rapeseed control seedlings showed that, during the cold acclimation process, ethylene content in comparison with ethylene production in non-acclimated seedlings of cv. 'Hornet H' increased by 16 % and of cv. 'Sunday' by 12 %. These results confirm earlier observations showing that winter rye plants produce ethylene endogenously within hours after being transferred to a cold temperature (5/2°C) [14] . Besides, chill-hardening ethylene synthesis increased in tomato genotypes, but was more effective in ethylene-sensitive normal plants than in ethyleneintensive mutants, indicating that the response to ethylene is involved in chilling tolerance development [27] . Exogenously applied, proline and glutamine in non-acclimated seedlings have no statistically reliable influence on ethylene content in comparison with control. However, in cold-acclimated seedlings, ethylene production under the pretreatment with the test amino acids, especially of proline, statistically reliably increased in comparison with the control, especially in 'Hornet H' seedlings ( Table 2 ). In cold conditions Table 1 . Regulation of free proline content by the effect of exogenous L-proline (1 mM) and L-glutamine (1 mM) in non-acclimated and acclimated winter rapeseed 'Hornet H' and 'Sunday' seedlings.
Significant differences between control and the effect of amino acids on free proline content are marked at **P < 0.05 at *P < 0. (at -1°C and -3°C), ethylene production in nonacclimated control seedlings of cv. 'Hornet H' decreased by 8% and of cv. 'Sunday' by 10%, and in acclimated seedlings it was lower by about 14% as compared with ethylene production in seedlings not exposed to cold effect. In cold conditions, glutamine and especially proline increased ethylene production as compared with control ( Table 2 ).
The ratio of ethylene production in cold-acclimated to non-acclimated seedlings once again shows the positive effect of proline and glutamine on ethylene synthesis, especially in the cv. 'Hornet H' resistant to abiotic stress, in comparison with the cv. 'Sunday' tolerant to stress. In chilling conditions, this ratio, likewise in control and under the effect of the test amino acids, also decreased, but still amino acids, especially L-proline, showed a positive effect on ethylene production in comparison with control ( Figure 3) . Previous studies have shown that the biosynthesis of ethylene in rice seedlings was inhibited at a chilling temperature (4°C), and the ethylene production rate increased rapidly only after transferring them to a warmer temperature [28] . It's necessary to added that peculiarities of cv. 'Hornet' and of cv. 'Sunday' one rather like also hybrid 'Hornet' in Table 2 . Ethylene production in non-acclimated and acclimated winter rapeseed 'Hornet H' and 'Sunday' seedlings by the effect of L-proline (1 mM) and L-glutamine (1 mM) and cold temperature.
Significant differences between control and amino acids' effect on ethylene production in non-acclimated and cold-acclimated seedlings and at cold temperature are marked at **P < 0.05 at *P < 0.1. Mean ± SE of two biological and three chemical replicates.
Test variant
Non-acclimated Acclimated Non-acclimated Acclimated Non-acclimated Acclimated response to cold acclimated, free proline and ethylene content increscent and freezing tolerance was more prominent then cv. 'Sunday'. It is difficult to indicate whether the effect of proline and glutamine on ethylene production in plant acclimation and freezing conditions is direct or acts through the free proline.
Conclusions
The present study has shown that in cold-acclimated, compared to non-acclimated, conditions free proline content in seedlings of the winter rapeseed cv. 'Hornet H' resistant to abiotic stress increased 2.12-fold and in the cv. 'Sunday' tolerant to stress 1.95-fold. Exogenous L-proline and L-glutamine produced a positive effect on free proline content in cold-acclimated and particularly in non-acclimated seedlings. In cold conditions (at -1°C), free proline content significantly increased in both nonacclimated and especially in cold-acclimated seedlings.
At an intensified freezing temperature (-3°C, -5°C, -7°C), pre-treatment with the test amino acids, especially proline, influenced the free proline content increase and plant freezing tolerance. This study has also indicated that suggests ethylene production increases in cold-acclimated seedlings and under the effect of exogenous proline and glutamine. In cold conditions (at -1°C and -3°C) ethylene production decreased, but in cold-acclimated seedlings and under the effect of L-proline and L-glutamine, ethylene synthesis was more intensive than in non-acclimated seedlings. Thus, exogenously applied glutamine and especially proline increase free proline content, and this proline is involved in the response to cold stress, and its level may be an indicator of cold hardening and freezing tolerance. At the same time, ethylene production in winter rapeseed seedlings is changing -it increases in cold acclimation conditions and after pre-treatment with glutamine and especially with proline, but the role of ethylene in the regulation of cold tolerance remains not quite clear. This research was the necessary pre-condition for managing winter rapeseed productivity.
